In variation sites with minor reference alleles, overlooking the detection of homozygous reference genotypes results in inadequate identification of potential disease variants. Current variant calling practices miss these clinically relevant alleles warranting new approaches. More than 26,000 Eome Aggregation Consortium (ExAC) variants have a minor reference allele including 44 variants with known ClinVar disease alleles. We demonstrated how the current variant calling standards miss homozygous reference disease variants in these sites. We developed a bioinformatic panel that can be used to screen these variants using commonly available variant callers. We provide here a simple strategy to screen potential disease-causing variants when present in homozygous reference state.
Introduction:
The basic units in many if not most genomic studies are "genetic variations". Although the name itself implies variation between individuals, the choice of a single reference is a practicality imposed by the need for a common ground to base the genomic analysis. The alignment of sequences to this reference is tolerant to variations (Li H, 2013) . The basic concept of variant calling is, on the contrary, contrasting the sequence reads against a reference to detect these mismatches (McKenna et al., 2010) .
Choosing the best possible combination of reference alleles to each and all variation sites in the human genome is thus critical to the frictionless calling, annotation and prioritization of variations (Dewey et al., 2011; Ibrahim et al., 2016) . A debate is still in place whether the major alleles or ancestral alleles constitute this alleged best. The fact remains, however, that many variation sites in the human genome harbor an allele denoted as a reference -with a frequency lesser than other alternate allele(s) (Magi et al., 2015) . These sites, called hereafter "minor reference alleles", are challenging during variant calling. Reference alleles with low allele frequencies are sites of mismatch for the majority of human population, appearing frequently as homozygous or heterozyous variants with high alternate allele frequency that is more than 0.5. These sites are usually filtered upon prioritization in disease studies. A lesser fraction of the population will have a homozygous rare allele that will pass undetected because both alleles match the human reference and thus "do not have a variant". Keeping in mind that most studies look for alleles with lesser frequencies in the human genome, these sites bearing homozygous variants -that could relate directly to the phenotype -will be missed during conventional variant calling.
Previous reports have proposed some strategies to approach such reference alleles. Dewey et al (2011) used a modified version of the human genome as a "major allele" population specific reference. Magi et al. (2015) studied extensively the count and annotation of "rare" reference alleles in 1000 Genomes data and developed a specialized variant caller, RAREVATOR, based on GATK UnifiedGenotyper. We studied the latest release of ExAC data as a more extensive source for coding variants (Lek at al., 2016) to find out the extent of minor reference alleles in the human genome in different ExAC populations and their implication on variant calling.
We propose here a simple flexible strategy to interrogate these variations based on a bioinformatic panel of minor reference allele sites. This approach can be implemented in principle by targeted calling in specified regions which can be specified based on global or population-based ExAC allele frequencies, allowing the detection of homozygous reference alleles. We discuss other aspects affecting variant calling in minor reference allele sites.
Minor reference alleles in ExAC:
We defined minor reference allele variants as variants with non-reference allele(s) frequency of 0.5 (reference alleles with a frequency lesser than the total frequency of the other observed alleles in the same variation site). Although "minor allele" refers in general to the second-most but not necessarily the least frequent allele, and does not require a frequency threshold, this practical definition used for the purpose of this report allowed the identification of reference alleles present in less than half of ExAC sample cohort without a bias in multi-allelic sites. We based this arbitrary threshold on the observation that ClinVar alleles are seen with frequencies as high as 0.46 (rs3733402, ClinVar variation ID 12037). We found that the latest ExAC release 0.3.1 VCF contained 26537 variants with a reference allele frequency less than 0.5 (minor reference allele). In total, 26529 variants were annotated with rsIDs from the latest dbSNP release 147, including three variants with an old rsID that was merged in a new record (with possibly new coordinates). Eight variants were not found in dbSNP. Around 1% of these variants (2763 variants) were rare variants (AF < 0.01). The the characteristics of these variants are shown in table (1). Out of this pool, a group of variants had a ClinVar significance of (likely)pathogenic, risk factor, association, or drug response allele (table 2).
Updated references in assembly 38: Lift-over to the new assembly hg38 indicated that 1212 known variants had an updated reference allele. The remaining sites (after removal of updated references and remapping to nonconventional chromosomes) were used to construct an updated panel with hg38 coordinates (additional file 1).
Minor Reference Alleles Panel:
We used all these ExAC minor reference variants to create a bioinformatic panel with hg19 coordinates to force variant calling of homozygous reference variants.
We constructed panels for all minor reference allele sites and rare sites (additional file 1). Using either of these panels, the combination of targeted allele genotyping, and filtering for homozygous reference alleles allows to screen homozygous reference variants.
Population-based minor reference alleles: The allele frequencies for many variants tend to show a spectrum of variation across populations, especially when selection, drift, or founder effects are notable. We show in table (3) the number of variants that had a minor reference allele in each population of the ExAC populations. When examining samples from a specific population, the use of panels based on these estimates might be more appropriate (additional file 2).
Targeted Variant Calling of MRA sites: Exome data sets for Genome In A Bottle sample HG001 (NA12878) were used for the purpose of testing this panel strategy. We used the minor reference allele panel VCF as "alleles" input to GATK HaplotypeCaller to limit the genotyping to the panel alleles.
Slightly more than 1000 homozygous reference variant calls in minor reference allele sites were seen at a depth threshold of 10x (additional file 3). Around 800 variants were seen at a depth threshold of 30x with high genotype qualities. As site qualities (QUAL field in VCF) are set to zero at reference sites, we evaluated the RGQ (reference genotype qualities) using the same panel as "region" input for GATK HaplotypeCaller. We found that the majority of panel sites showed good depth and very high RGQ (additional file 3).
Discussion:
One major challenge that faces the genomic revolution is how to perform an accurate analysis to provide high confidence results. In genome and exome sequencing experiments, variant callers are crucial to this challenge. Many techniques and recommendations were developed to improve the calling accuracy. For instance, "GATK Best Practices" is one contemporary way of giving a reliable and validated road-map for variant calling (DePristo et al., 2011) . The essential concern has always been to reduce the number of false calls, whether false positives or negatives. It is a common knowledge that exome and genome sequencing will miss some variants -however small their number might be -that are poorly enriched or sequenced and thus do not show enough information or quality to enable adequate calling. Nonetheless, with acceptable quality and coverage, one assumes that variants would be reliably identified. It might seem a surprise that a considerable number of variants are discarded as routine despite being very reliable and valuable. The notion that a sample "has this variant" or "does not have that variant" is in itself misleading. In a sense, every human genome has all variants but a different combination of alleles. Limiting variant calling to differences is thus an underestimation; homozygous reference variants are usually treated the same way as the remaining parts of the genome where no variations are observed. The recent versions of GATK started to report reference genotype qualities to help highlighting these sites. Magi et al. (2015) have recently addressed the presence of "rare" reference alleles in the 1000
Genomes project data that are missed by standard variant calling practices, proposing the name "rare reference alleles". To our knowledge, RAREVATOR is the only variant caller specifically designed to detect rare reference alleles (Magi et al. 2015) . It is based on the widely used GATK UnifiedGenotyper.
However, HaplotypeCaller is a more reliable haplotype based caller for relatively small sample numbers (Van der Auwera et al., 2013) .
Minor reference allele targeted calling:
A subset of ExAC variants with minor reference alleles can be used as described in this report in parallel to the usual variant calling practice to force calls only on such positions followed by filtering for homozygous reference variations. This provides a simple and flexible method to screen possible relevant variants. For instance, this panel can be intersected with BED intervals of enriched targets to get calls on sequenced regions only (see methods). It can be limited in the same manner to a list of genes, coding regions or loci under study. In principle, this can be used with all variant callers that support defining variant calling regions. As the number of variants is limited, it does not require any special computational setting more that what is used to do the original calling and can be run on previously aligned samples with the same variant caller as shown in HG001.
More importantly, the panel can be customized in a population-oriented way to reflect reference allele frequencies in a specific population by using population-based ExAC frequencies for panel construction. It could be constructed from any VCF with AF data including local cohorts. Although one can opt to report all variant sites using dbSNP VCF, the minor reference panel approach will provide clear advantages. Besides being considerably lesser in number and thus easier to call, it insures that only minor reference alleles are included, and accordingly, all homozygous reference alleles are of interest. With the inclusion of more samples in ExAC project, many 1000 Genomes minor alleles has been shown to have a higher frequency as previously reported. Using population allele frequencies to build a panel, it is possible to get a list of variants where the human genome harbors minor reference alleles for the specific population. When combined with standard calls, the identification of homozygous reference alleles based on ExAC frequencies for the population under study will help to improve the identification of variants in a population based fashion.
Other possible solutions beside dedicated variant callers and the use of a bioinformatic panel as reported here encompass forced calling at all dbSNP sites, joint calling, and population-based references.
Variant detection in single and multiple samples: Joint calling of multiple samples has the advantage of forcing variant calls in all samples if one sample has a single non-reference allele. In this manner, it takes only one copy of a non-reference allele in one sample to see homozygous rare reference alleles in all the other samples. Taking in consideration that the non-reference allele is actually common, it is quite likely that it will be there in one of the samples if the cohort is sufficiently large and diverse.
Odds get even better as the reference allele shows a lower frequency -the chances of having a heterozygous or homozygous alternative sample then go higher. That being said, one should always keep in mind an important issue of population stratification. Small number of samples from the same population with the same phenotype can have the same homozygous allele that is considered otherwise rare in a global setting and thus escaping joint calling. This panel can be used with joint calling to detect homozygous reference variants in all samples.
In this era of personalized approach to treatment, it is not uncommon to perform an analysis of a single exome sample (reference). In this case, the detection of minor reference alleles is of particular importance. (? actionable variants)..
Different reference alleles at the same site:
The use of population-based references for analysis has been previously suggested (Dewey et al. 2011 ). However, this might create many inconsistencies in reporting variants and technical difficulties to maintain multiple "human genomes". The current methods for annotation of variants are dependent on the version of the human genome. Consistency in reference alleles is a prerequisite for bioinformatics tools to perform any sort of comparisons between results. The use of targeted calling at sites of interest complements the advantages of having a single genome by specifically calling problematic variation sites. It offers the opportunity to be updated with every human genome build and incorporates findings from any future large scale genome projects to update the definition of minor reference allele sites, including the expected update of ExAC to 120,000 samples. Even with the current use of a single reference genome, a lot of inconsistencies in reporting alleles are already observed, mostly caused by the conflicting definitions of minor alleles and references, and the tendency to report the non-pathogenic allele as reference. The variant rs16891982 in the SLC45A2 gene is one example. The minor, reference and ancestral allele is C with ExAC frequency of C=0.3597. The 1000 Genomes give a different minor allele (G=0.2750). The ExAC allele frequency ranges from 0.0022 in East-Asian population to more than 0.95 in European populations, with a frequency of 0.1546 in African population. The allele G is reported in ClinVar (NM_016180.4:c.1122C>G (p.Phe374Leu)) to be associated with dark skin pigmentation and protective effect against malignant melanoma. A separate entry is available for the reference allele C as benign (NM_016180.4:c.1122C= (p.Phe374=)). The plus sign '=' indicates that no change has happened, in other words, the reference is the reported clinical allele. Interestingly, this variation site is linked to an OMIM entry where a report by Stacey et al. (2009) associates the allele G with increased risk of squamous and basal skin cancer, referring to allele G as reference. Detection of homozygous reference changes can help normalizing the reporting of variants in relation to one reference genome.
Allele frequencies, sample size and population stratification: The ExAC data we used in this report provides an additional advantage of a larger sample size (60,706 individuals) compared to the 1000 Genome samples studied previously (Magi et al. 2015) and thus gives a better estimation of coding reference allele frequencies and population based estimates at a higher resolution compared to previous sets. The variant rs1131454, which has been reported as a "risk factor" locus for type 1 diabetes Looking for the rare and overlooking the common: Not only rare reference alleles are important in this context. It is not necessarily that an allele has a frequency less than 0.1 to be potentially significant and problematic during calling. Under a simple hypothesis of a detrimental allele effect, some genome variation sites would have a minor "pathogenic" allele: the larger the effect size, the "rarer" the allele gets. Filtration based on small thresholds of allele frequencies is thus one of the established (but not necessarily great) prioritization approaches that will not give the best outcome in non-mendelian or non-penetrant phenotypes. Variants with common alleles are already associated with many clinical conditions. ClinVar database contains many documented variants where the disease related alleles have a frequency well above 0.1 up to 0.4 (table 2). Such variants that usually have a moderate to low effect size are seen in a wider number of individuals in homozygous state compared to rare alleles, thus potentially missed in larger numbers of individuals. Missing such variants will compromise the results of genomic analysis especially when the allele is particularly common in a specific population under study. These sites are also of interest when the disease phenotype does not readily affect the fitness of the individual, or otherwise the effect of multiple alleles exerts the phenotype in a complex inheritance model. Part of the missing heritability in genomic studies is largely attributed to the joint effect of such variants that are "not-rare-enough" to be confidently included but "not-common-enough" to be excluded as a pathogenic allele. In our analysis, we found it more appropriate to pursue the identification of any reference allele that is less frequent than the alternate allele(s). The name "minor reference allele" is thus more descriptive in this regard despite the possible confusion with "minor allele" defined conventionally as the second most common allele in a given population.
Conclusions:
Reporting variants in minor reference allele sites is one example of the hurdles that face the communication of results in genomics. Target calling using a panel of minor reference allele sites will help to scan homozygous minor reference alleles with remarkable flexibility and population based customization.
Methods:
Minor Reference Allele sites in ExAC: We downloaded ExAC release 0.3.1 VCF file (Lek et al., 2016) and performed a pair-wise comparison of frequencies between reference alleles and all observed alternate alleles as follows: variants with multiple alleles were split using vt tool (Tan et al., 2015) automatically sub-setting allele specific frequencies; alleles and their frequency data from the resulting VCF were filtered based on reference allele frequency cut-off = 0.5 using a custom script written in R (R Development Core Team, 2008) giving all minor reference allele sites in ExAC data in human genome assembly hg19; the results were used to construct a bioinformatic VCF panel for targeted calling; to construct population based panels, the custom script was modified to calculate population allele frequencies from allele numbers and counts. Testing against GIAB Whole Exome data sets:
We used bam files for sample HG001 (NA12878) publicly available from GAIB to perform targeted allele calling (Zook et al., 2016) . The two exomes were sequenced from one sample enriched using nextrarapid library on two lanes on Illumina HiSeq2500 platform (Illumina, San Diego, CA, US), aligned using novoalign (Novocraft Technologies, Malaysia), and preprocessed according to GATK best practices recommendations (Base Quality Score Recalibration and Indel Realignment) (McKenna et al., 2010; DePristo et al., 2011; Van der Auwera et al., 2013) . We used a subset of the bioinformatic panel that overlapped with the enrichment regions as input to GATK HaplotypeCaller tool in "genotype given alleles" mode to limit genotyping to the panel alleles and in "discovery" mode to obtain reference genotype qualities. Reference allele discordance between assemblies: We lifted-over the genomic coordinates of the panel (VCF) using NCBI remapping service to obtain the human genome assembly 38 equivalent coordinates, followed by removing sites with reference update and taking only first pass remapping.
Additional files: additional file (1) is a zip file containing minor and rare reference allele sites in the latest ExAC release for hg19 and hg38 constructed as described in results and methods. Additional file (2) is a zip file containing population-based panels. Additional file (3) is a zip file containing results of genotype calling and reference genotype qualities in GIAB sample HG001 (NA12878, NIST7035). 
Availability of data and materials:

